Introduction
Room temperature ionic liquids RTILs are organic molten salts around room temperature, and have unique properties such as nonvolatility, nonflammability, high thermal stability, and wide electrochemical potential windows. It is well known that RTILs are composed of bulky organic cations and anions, and their properties are tunable by changing the ion pair. In addition, they have gathered much interest as green solvents because they are easily recycled from the solvent mixture. With these excellent properties, RTILs have also been applied as a new class of solvents for organic synthesis, electrolytes, and chemical separations 1 6 .
In order to broaden the application area of RTILs, studies on their interfacial properties have been of significant importance. Surfactants form molecular assemblies with various geometries in the solvent and this drastically enhances the solubility of the originally insoluble molecules. Thus, there have been numerous studies regarding Evans et al. reported that nonionic surfactants form molecular assemblies in a protic IL ethylammonium nitrate EAN 7 . Anderson et al. determined critical micelle concentrations cmcs of surfactants in aprotic ILs such as 1-butyl-3-methylimidazolium chloride bmimCl and hexafluorophosphate bmimPF 6 by surface tension measurements 8 . Furthermore, Li et al. reported the aggregate formation of fluorinated cationic surfactants in 1-butyl-3-methylimidazolium bis trifluoromethanesulfonyl imide bmimTf 2 N and analyzed this aggregate formation thermodynamically 10 . We have studied the interfacial properties of diluted polyoxyethylene alkyl ether solutions in bmimPF 6 and bmimBF 4 and proposed a micelle formation mechanism in aprotic ILs. We also showed that phytosterol ethoxylates form various kinds of lyotropic liquid crystals in bmimPF 6 12, 14 17 .
Recently, the number of studies regarding the preparation of metal or metal oxide particles in IL has been in-creasing 18 24 . In particular, preparation of metal oxide particles by hydrolysis and polycondensation reactions of precursor molecules with water dissolved in IL has been studied extensively, since particles with unique morphologies and crystalline structures often form in the reaction in IL. Our preliminary data suggest that morphology of titania particles prepared in RT-ILs is strongly dependent on the water concentration in the system 24 . Furthermore, surfactant molecular assemblies formed in IL can also be used as templates to control the shape and size of the products. It is well known that interfacial properties and self assemblies of surfactants in water are strongly affected by additives such as oily substances and polar molecules. These changes in interfacial properties of aqueous surfactant solutions by additives are also expected to be observed in IL. Based on this, there have been studies of ternary phase diagrams composed of ILs, surfactant and additives mainly organic substances 17, 25 27 . However, the effect of water addition on the interfacial properties in IL has not been studied in detail 28 . If the effect of water on the surface chemical properties in IL is clarified, this information will contribute to a better understanding of the mechanism of metal oxide particle preparation in ILs using dissolved water. Thus, in this paper we study the effect of water on the interfacial properties of nonionic surfactants in IL.
Experimental

Materials
We used four kinds of nonionic surfactants, polyoxyethylene alkyl ethers C n E m with different chain lengths: C 12 E 5 , C 12 E 6 , C 12 E 7 , and C 14 E 6 . These samples were purchased from Nikko Chemical and used as received. As a room temperature ionic liquid, 1-butyl-3-methylimidazolium hexafluorophosphate bmimPF 6 was kindly supplied by the Japan Synthetic Chemical Industry Co., Ltd.
Methods
BmimPF 6 was dried under reduced pressure at 80 for 4 hours before use in order to remove water. The water content of this dehydrated bmimPF 6 determined by Karl Fischer titration was 0.1 wt . Ultra pure water at various concentrations was added and dissolved in the dehydrated bmimPF 6 using a magnetic stirrer. Finally, the nonionic surfactants were dissolved in these mixtures.
The static surface tension was measured for samples of various concentrations using a Kyowa Drop Master 700, on the basis of the pendant drop method at 25 .
Fluorescence was measured using pyrene as a hydrophobic fluorescence probe. A 4.0 mM ethanol solution of pyrene was dropped into an empty glass vial, and ethanol was vaporized under nitrogen flow. Then the surfactant/ bmimPF 6 solutions of various concentrations were added and the mixtures were incubated for 1 day. The concentration of pyrene was 5 μM for all the samples such that the fluorescence due to excimer formation was not detected.
The apparent diameter of the surfactant assemblies in the ionic liquid was estimated using an IBC NICOMP 380ZLS particle size analyzer equipped with a 5 mW He-Ne laser at a constant detector angle of 90 . The obtained scattering data were fitted using an intensity-weighted cumulative analysis to estimate the diffusion coefficient of the surfactant assemblies in the solution. The apparent diameter was obtained from the diffusion coefficient using the Stokes-Einstein equation. The viscosity and refraction index of bmimPF 6 required for the calculation were 240 mPa s and 1.41 respectively 29 31 .
The surfactant/bmimPF 6 solutions with 2 wt water were quickly frozen in liquid propane using a cryo-preparation apparatus Leica EM CPC, Leica Co., Tokyo, Japan . The frozen sample was fractured in a freeze-replicating apparatus FR-7000A, Hitachi High-Technologies Co., Tokyo, Japan at -160 . The fractured surface was replicated by evaporating platinum at an angle of 45 ˚, followed by carbon evaporation at a normal incidence to strengthen the replica. The sample was then placed on a 400-mesh copper grid, after washing with methanol and water, and observed under a transmission electron microscope TEM H-7650, Hitachi High-Technologies Co., Tokyo, Japan .
Results and Discussion
3.1 Effect of water on interfacial properties of C 14 E 6 in bmimPF 6 We investigated the effect of water on interfacial properties of a nonionic surfactant C 14 E 6 in bmimPF 6 . Previous studies 30 including ours 31 showed that surface chemical and micelle formation behaviors of nonionic surfactants in RTILs are similar to those in aqueous solutions. In other words, the surfactants form aggregates such as micelles, vesicles, and so on, at concentrations above the critical assembly concentration cac , and the principal driving force of the aggregate formation is solvophobic interactions among surfactant alkyl tails. Thus, interfacial properties of the surfactants in RTILs can be evaluated using similar methods to those used for aqueous surfactant solutions. Figure 1 shows the surface tension of bmimPF 6 as a function of C 14 E 6 concentration. In this figure, a and b correspond to the plots without and with 2.0 wt water, respectively. In the absence of water a , surface tension decreased by increasing surfactant concentration and became constant above a breaking point. The critical assembly concentration in this case, critical micelle concentration, cmc of C 14 E 6 in bmimPF 6 can be defined as the breaking point of the surface tension-concentration as in aqueous solutions 53.7 mM . In the presence of water b , the surface tension showed a stepwise decrease by increasing surfactant concentration. The surface tension became constant at about 35 mN/m above 23.4 mM, and decreased again by further increase in surfactant concentration to 33 mN/m above 48.1 mM. These results showed that the addition of water changes the interfacial properties of the surfactant in RTIL and suggested the formation of two kinds of aggregates depending on the surfactant concentration. We hereafter describe the first and second breaking points as cac1 and cac2, respectively.
These two kinds of aggregate formation were also observed by a fluorescence probe study using pyrene. Fluorescence properties of pyrene are dependent on the permittivity of the solvent and change when molecular assemblies form in the solvent, since hydrophobic pyrene is solubilized in the core of the assemblies. Thus, cac can be determined from the concentration-dependent change in the fluorescence behaviors of pyrene. Five peaks from I 1 to I 5 are observed in pyrene fluorescence and the peak ratio I 1 /I 3 reflects the microscopic environment around the hydrophobic pyrene probe. A lower value indicates a hydrophobic environment around pyrene. Consequently, the concentration at which the I 1 /I 3 value starts decreasing represents the critical aggregate concentration.
Figures 2 a and 2 b show the I 1 /I 3 values of pyrene fluorescence as a function of C 14 E 6 concentration in bmimPF 6 without and with 2.0 wt water, respectively. The I 1 /I 3 ratios showed an abrupt decrease above a certain concentration for both systems, but the number of breaking points was one in the absence of water Fig. 2 a and two in the presence of 2 wt water b , as in the surface tension measurement. Thus, two kinds of aggregate formation in the presence of water were indicated by both surface tension and pyrene fluorescence measurements. The cac values obtained by surface tension measurements and pyrene fluorescence probe are summarized in Table 1 . Cac values without water, and cac1 and cac2 values with 2.0 wt water, obtained by two different methods showed relatively good agreement, although cac values obtained by pyrene fluorescence is a little lower than that by surface tension measurement. The cac value in aqueous solutions obtained using fluorescence probe is usually lower than that obtained using surface tension measurement in aqueous solution because surfactant self-assembly is enhanved by adding a hydrophobic pyrene probe. In this srudy, in IL bmimPF 6 , cac values obtained by fluorescence spectroscopy was also lower than that by surface tension, probably due to the same reason.
The effect of the amount of water from 0.1 to 2.0 wt on the interfacial behaviors of C 14 E 6 in bmimPF 6 was studied in order to determine the minimum water concentration that gives two-step changes in surface tension and I 1 /I 3 ratio of pyrene fluorescence. The two-step changes were observed only when the water amount was above 0.5 wt . The mechanism of these two-step changes in the interfacial properties will be discussed later.
Molecular aggregates formed at each cac
When water is added to a mixture of C 14 E 6 and bmimPF 6 , formation of two kinds of aggregates has been suggested. In order to evaluate the size of these molecular assemblies, we carried out DLS measurements. Figure 3 shows the plot of aggregate size as a function of C 14 E 6 concentration in the presence of 2.0 wt water. It can be seen that the aggregate size is about 200 nm below cac2, and is reduced to about 4 nm above cac2. The water addition thus has the effect of forming larger aggregates in bmimPF 6 . FF-TEM was used to directly observe the particles formed in bmimPF 6 and the obtained images are shown in Fig. 4 . The particles around 200 nm in size were observed below cac2 in the presence of 2 wt water, and these results are in good agreement with those measured by DLS measurements.
In the absence of C 14 E 6 , scattered light from the sample solution is negligible when water content is below 0.4 wt and the two breaking points are not observed. However, when water content is above 0.5 wt , particles of about 200 nm in size were observed without surfactant. These results showed that water exists as emulsion droplets above 0.4 wt in bmimPF 6 . The formation of 200 nm sized particles was also confirmed by the FF-TEM measurement.
Chain length dependence on cacs
In order to demonstrate whether solvophilic or solvophobic interactions are dominant for each cac value, the effects of the number of POE units and alkyl chain lengths of nonionic surfactants on cacs were investigated. A pyrene fluorescence study was carried out for nonionic surfactants with different alkyl chains in the presence of 2.0 wt water. The two breaking points described in section 3.1 were observed for all the surfactants and the obtained cacs are summarized in Table 2 . Figure 5 shows the logarithmic cac values plotted as a function of number of POE units a and number of carbon atoms in the alkyl chain b . Focusing on the effect of solvophilic units in the surfactants Fig. 5 a , each cac increased with increasing number of POE units. This means the surfactant solubility in bmimPF 6 increased with the number of solvophilic POE units as in aqueous solutions. By comparing the slope of the plots for each cac, it can be said that the slope for cac1 against POE chain length is larger than that for cac2. Thus, cac1 is more strongly affected by the change in POE units, and this result suggests that the aggregate formation in RTIL is caused by solvophilic interaction.
On the other hand, regarding the effect of solvophobic units in the surfactant molecule Fig. 5 b , each cac decreased with increasing alkyl chain length. In addition, the slopes of the plots for cac1 and cac2 are similar. These results show that the contribution of alkyl chain length on cac1 and cac2 is quite similar.
In summary, the appearance of cac1 induced by the water addition was caused by interactions between solvophilic units of the surfactant POE units and water. Thus, at cac1, surfactant molecules start to adsorb to the surface of water droplet due to interactions between the POE units and water and the stabilized water in IL emulsion with ca. 200 nm formed. By further increasing the surfactant concentration above cac2, micelles of about 4 nm in diameter formed due to solvophobic interactions among surfactant tails.
Thermodynamic analysis of each cac
Thermodynamic parameters for aggregate formation are determined from the temperature dependence of cac 32, 33 .
For nonionic surfactants, the standard free energy change accompanied by molecular assembly formation is expressed by the following equation,
where R, T, and X cac are the gas constant, temperature, and mole fraction of cac, respectively. The standard enthalpy change at different temperatures was calculated using the Gibbs-Helmholtz equation. The obtained parameters at each cac cac1 and cac2 , plotted as a function of tempera- ture, are shown in Fig. 6 a cac1 and b cac2 . In Fig. 6 a , a negative value of Δ G m 0 was obtained since a larger negative value of ΔH m 0 always exceeded the positive value of TΔ S m 0 over the measured temperature range. This means that molecular aggregate formation is dominated by an enthalpy driven process. This result also suggests that POE units of the surfactants interact with water through hydrogen bonding formed in bmimPF 6 . As for cac2 Fig. 6 b , the main parameter contributing to the negative ΔG m 0 value is the negative TΔ S m 0 value at lower temperatures, not the Δ H m 0 value at higher temperatures. This temperature-dependent behavior is normally seen in micelle formation in aqueous solution. Thus, at lower temperatures, micelle formation is entropy driven, in which a highly ordered iceberg structure of water around hydrophobic tails of surfactants is formed. At higher temperatures, micelle formation becomes enthalpy driven since the order of the water molecules is weakened. This thermodynamic analysis shows that nonionic surfactants form molecular assemblies in the presence of water in the following two-step process. Water forms IL emulsions through hydrogen-bonding interactions between POE units and water molecules at concentrations between cac1 and cac2, while the surfactants form micelles through solvophobic interactions above cac2. The concentration-dependent change in aggregate formation in the presence of water is summarized in Scheme 1. Water molecules form a cluster at a concentration above 0.4 wt in bmimPF 6 . Adding surfactants to this solution forms a water pool, i.e., water forms an IL emulsion at cac1. By further addition of surfactant, micelles with alkyl chain cores formed due to solvophobic interactions in which water molecules were solubilized in the vicinity of the POE units of the surfactants. Scheme 1 Concentration-dependent molecular aggregate formation in the presence of water in bmimPF 6 .
Conclusion
The physicochemical properties of surfactants in RTILs have been studied extensively 7 17 due to their broad application areas such as electrolytes and solvents for nano-ordered material preparation. In particular, the studies focusing on the effects of water addition on the interfacial properties of RTILs and RTILs/surfactant mixtures are potentially very important because water is usually added to RTILs when they are used as solvents for the preparation of nanostructured inorganic particles with unique structure and functionalities 18 24 . Thus, in this paper, the effect of water addition on dilute solutions properties of nonionic surfactants polyoxyethylene alkyl ethers in an aprotic ionic liquid bmimPF 6 was studied. It was shown that interfacial properties of the surfactants are strongly affected by the addition of small amounts of water. In the presence of the surfactants, a two-step change in interfacial properties is observed on the basis of static surface tension and fluorescence data. In the concentration range between cac1 and cac2, a water/bmimPF 6 emulsion stabilized by the surfactants is formed, while at concentrations above the cac2, we observed a structure transformation into micelle, where water molecules are solubilized into a palisade region of the surfactant micelles through hydrogen bonding. This structural transformation is supported by the dependence of thermodynamic parameters on the length of the hydrocarbon chain and POE chain. The effect of POE chain length on cac1 is much more significant than that on cac2, suggesting that cac1 appears due to interactions between water and the solvophilic moiety of the surfactants. On the other hand, temperature dependence of thermodynamic parameters for cac2 is similar to micelle formation in aqueous solution, that is, the Gibbs energy change for aggregate formation is mainly governed by the entropy term at lower temperatures, but by the enthalpy term at higher temperatures. These results confirm that micelles with alkyl chain cores form above cac2.
This study showed for the first time that aggregation state of nonionic surfactants in ionic liquids is strongly influenced by the water addition. The authors believe that these findings give useful information for synthesis of nanostructured materials with sol/gel process utilizing water dissolved or dispersed in ionic liquids.
